Two body nonleptonic weak decays of bottom mesons to a pseudoscalar meson and an axialvector meson involving charmed states are studied using the non-relativistic quark model. We calculate the branching ratios of these decays by employing the factorization hypothesis. Obtained results are in good agreement with the existing experimental data. We also calculated the branching ratios in the light of heavy quark symmetry constraints and compared with the exiting theoretical analyses.
I. INTRODUCTION
The phenomenological analyses of bottom (B ) meson decays provide exciting opportunities to test several models and approaches within and beyond the standard model (SM). The understanding of B physics serve as a tool to study the interplay of strong and weak interaction dynamics in the SM and also as a test of the new physics beyond the SM. The time to time comparison between theoretical predictions and experimental results helps in better understanding of hadronic structure of heavy bound states. The theoretical interpretation of nonleptonic decays of heavy flavor hadrons is still under progress for being non-perturbative in nature. The factorization hypothesis has been successfully used to study such decays as it suits the description of B decaying to heavy mesons [1] [2] [3] [4] [5] [6] [7] [8] . Also, the mass of b-quark is much heavier than QCD scale, where the dynamics becomes much simpler in the light of heavy quark symmetries [3, 4, 7] . The heavy quark symmetry (HQS) proves to be a very useful tool to provide symmetry relations for heavy meson decays, however, one still have to use some model to obtain the explicit expression for decay rates. There are several models like Bauer, Stech & Wirbel (BSW) [3, 4] , Isgur-Scora-Grinstein-Wise (ISGW) [5, 6] , and covariant light front (CLF) model [9] which can effectively be used in light of heavy quark effective theory (HQET). Unlike the present study, in the heavy to light decays the final state mesons have large energy, where the approaches like light cone sum rules, soft collinear effective theory (SCET) and perturbative QCD have worked reasonably well to understand the experimental data [7, 8] . Several theoretical frameworks based on factorization hypothesis, relativistic quark model, heavy quark effective theory, covariant light front (CLF) approach, perturbative QCD, etc. has been employed to study charmless axial-vector meson emitting decays of B mesons [9] [10] [11] [12] [13] [14] [15] [16] . It is worth remarking here that the dominant modes in charmed sector of these decays proceed mainly through the tree level diagrams and thus, are least influenced by penguin pollution. Thus, charmed p-wave meson emitting decays are considered using factorization scheme in non-relativistic quark models, CLF approach, SCET, perturbative QCD based modeling and HQET etc. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
On the experimental side, recent observations, especially, of many strange charm resonances and many proposed experiments (see for review [28] ) has revived the interests of hadronic physicists to study the orbitally excited mesons. In weak decays sector, many of decay modes involving charm meson in the final state e.g.
have been measured (for all available values see Table I [29] . The branching ratios of the measured charmed B decays range from O(10 −3 ) ∼ O(10 −5 ). Therefore, we put our focus mainly to study B → PA decay modes involving charmed axial-vector meson in the final state.
In this work, we investigate the axial-vector emitting decays of bottom (B ) mesons involving charmed meson states in Cabibbo-Kobayashi-Maskawa (CKM) allowed and suppressed modes. We employ improved Isgur-Scora-Grinstein-Wise (ISGW II) [6] quark model , to evaluate the transition B → A/A form factors. It is worth remarking that ISGW II incorporates heavy quark symmetry constraints and hyperfine distortions of the wave functions. For a long time, besides the recent CLF model, ISGW II model has been the only model to give reliable transition form factors from a ground state s-wave meson to a low-lying p-wave meson. For B → P transition form factors, we used the BSW quark model [3, 4] . Using the factorization scheme to obtain the decay amplitudes, we calculate the branching ratios of these decay modes. We found that the calculated branching ratios of cabibbo-favored modes such as
1 are in very good agreement with experimental numbers. Another, aim of the present analysis is to discuss the effects of heavy quark symmetry on axial-vector emitting decays involving D 1 and D s1 mesons. Therefore, we also calculate the B → A/A form factors in ISGW II model in HQS constraints. Consequently, we present the analysis of these decays within the heavy quark symmetry constraints. The comparison with experimental observations reveal that the color-suppressed contributions in these decays could be larger than the theoretical estimates. Also, we find some of these decay channels, especially involving D s1 states, have large branching ratios comparable to that of the s-wave mesons emitting decay modes and are within the reach of future experiments.
The paper is organized as follows. In Sec. II, the meson spectroscopy is discussed. Methodology for calculating B → P A decays is presented in Sec. III. In Sec. IV, we discuss the numerical results in non-relativistic quark model and in the light of heavy quark symmetry constraints. The summary and conclusions are given in the last section.
II. MESON SPECTROSCOPY
Both types of axial-vector mesons, 3 P 1 (J P C = 1 ++ ) and 1 P 1 (J P C = 1 +− ), behave well with respect to the quark modelassignments. Strange and charmed states are most likely a mixture of 3 P 1 and 1 P 1 states, since there is no quantum number forbidding such mixing. In contrast, diagonal 3 P 1 and 1 P 1 systems have opposite C -parity and cannot mix. Experimentally [29] , the following non-strange and uncharmed mesons have been observed: i. for 3 P 1 multiplet, isovector a 1 (1.230) and two isoscalars f 1 (1.285) and f 1 (1.512);
ii. for 1 P 1 multiplet, isovector b 1 (1.229) and two isoscalars h 1 1.170 and h 1 (1.380). Cparity of h 1 (1.380) and spin and parity of the h c1 (3.526)remains to be confirmed.
Numerical values given in the brackets indicate mass (in GeV) of the respective mesons. In the present analysis, mixing of the isoscalar states of (1 ++ ) mesons is defined as
where
Similarly, mixing of two isoscalar mesons h 1 (1.170) and h 1 (1.380) is defined as:
h c1 (3.526) = (cc).
Proximity of a 1 (1.230) and f 1 (1.285) and to lesser extent that of b 1 (1.229) and h 1 (1.170) indicates the ideal mixing for both 1 ++ and 1 +− nonets i.e.,
States involving a strange quark of A(J P C = 1 ++ ) and A (J P C = 1 +− )mesons mix to generate the physical states in the following manner:
where K 1A and K 1A denote the strange partners of a 1 (1.230) and b 1 (1.229) respectively. Particle Data Group [29] assumes that the mixing is maximal, i.e., θ 1 = 45
• , whereas τ → K 1 (1.270)/K 1 (1.400) + ν τ data yields θ 1 = ±37
• and θ 1 = ±58
• [9, 18, 19] . Furthermore, the study of D → K 1 (1.270)π, K 1 (1.400)π decays rules out positive mixing-angle solutions and θ 1 = −58
• [9] is experimentally favored. However, in a recent phenomenological analysis [30] , it has been shown that the choice of angles for f − f and h − h mixing schemes (that favors ideal mixing) are closely related to the choice of the mixing angle θ 1 , therefore, a mixing angle ∼ 35
• is preferred over ∼ 55
• . We use θ 1 = −37 • in our numerical calculations. The mixing of charmed and strange charmed states mesons is similarly given by
and
However, in the heavy quark limit, the physical mass eigenstates with J P = 1 + are P 3/2 1 and P 1/2 1 rather than 3 P 1 and 1 P 1 states as the heavy quark spin S Q decouples from the other degrees of freedom, so that S Q and the total angular momentum of the light antiquark are separately good quantum numbers [31] . Therefore, we can write
|P
The mixing angle θ 2 = (−5.7 ± 2.4)
• is obtained by Belle through a detailed analysis [32] . However, we use a positive mixing angle θ D 1 = 17
• based on the study of D 1 (2427)π production in B decays [18] . Likewise for strange axial-vector charmed mesons,
• is determined from the quark potential model [18, 19, 33] . For η and η pseudoscalar states, we use η(0.547) =
• . η c is taken as η c (2.979) = (cc).
III. METHODOLOGY
A.
Weak Hamiltonian
For bottom changing ∆b = 1 decays, the weak Hamiltonian involves the bottom changing current,
where (q i q j ) ≡q i γ µ (1−γ 5 )q j denotes the weak V-A current. QCD modified weak Hamiltonian is then given below:
a. for decays involving b → c transition,
b. for decays involving b → u transition,
By factorizing matrix elements of the four-quark operator contained in the effective Hamiltonian (12) and (13) , one can distinguish three classes of decays [31] :
1. The first class contains those decays which can be generated from color singlet current and the decay amplitudes are proportional to a 1 , where a 1 (µ) = c 1 (µ) + 2. A second class of transitions consist of those decays which can be generated from neutral current. The decay amplitude in this class is proportional to a 2 i.e. for the color suppressed modes a 2 (µ) = c 2 (µ) + 3. The third class of decay modes can be generated from the interference of color singlet and color neutral currents i.e. the a 1 and a 2 amplitudes interfere.
However, we follow the convention of large N c limit to fix QCD coefficients a 1 ≈ c 1 and a 2 ≈ c 2 , where [7, 31] :
It may be noted that the decay amplitudes can be expressed as factorizable contributions multiplied by corresponding a i 's that are (renormalization) scale and process independent. As we have mentioned earlier, B decays either proceed only via tree diagrams or are tree dominated, therefore we neglect the expected small penguin contributions in our formalism.
B. Decay amplitudes and rates
The decay rate formula for B → P A decays is given by
where p c is the magnitude of the three-momentum of a final-state particle in the rest frame of B meson and m A denotes the mass of the axial-vector meson. The factorization scheme expresses the decay amplitudes as a product of the matrix elements of weak currents (up to the weak scale factor of
Using Lorentz invariance, matrix elements of the current between meson states can be expressed [6] as
Which yield
IV. DECAY CONSTANT AND FORM FACTORS
A. Decay constants
Decay constant of pseudoscalar mesons are well known. In this work, we use the following values of decay constants [9, 34, 35] of the pseudoscalar mesons(0 − ):
208 GeV, f Ds = 0.273 GeV, f η = 0.133 GeV, f η = 0.126 GeV and f ηc = 0.400 GeV.
However, for axial-vector meson(1 + ), decay constants for J P C = 1 +− mesons may vanish due to the C-parity behavior. Under charge conjunction, the two types of axial-vector mesons transform as
where ( ) state can be produced through the axial-vector current in the SU(3) symmetry limit [36] . Particle Data Group [29] assumes that the mixing is maximal, i.e., θ = 45 0 , whereas τ → K 1 (1.270)/K 1 (1.400) + ν τ data yields θ = ±37 0 and θ = ±58 0 . To determine the decay constant of K 1 (1.270), we use the following formula:
A small value around 0.011 GeV for the decay constant of K 1B may arise through SU(3) breaking, which yields
• (−0.087 GeV for θ 1 = −58 • ) [9] . Similarly, decay constant of a 1 (1.260) can be obtained from B(τ → a 1 ν τ ). However, this branching ratio is not given in Particle Data Group [29] , although the data on τ → a 1 ν τ → ρπν τ have been reported by various experiments. We take f a 1 = 0.203 ± 0.018 GeV from the analysis given by J.C.R. Bloch et al. [37] . For the decay constant of f 1 (1.285), we assume f f 1 ≈ f a 1 . The decay constants
have been taken from [9] .
B. B → A/A transition form factors in ISGW II quark model
We use the improved ISGW II model which describes a more realistic behavior of the form-factor at large momentum transfer i.e. (q 2 m − q 2 ). In addition to this, the ISGW II model includes various ingredients, such as the heavy quark symmetry constraints, the heavy quark symmetry breaking color-magnetic interaction, relativistic corrections, etc. The form factors have the following expressions in the ISGW II model [6] .
The t(≡ q 2 )dependence is given byω
with β
m is the sum of the mesons constituent quarks masses,m is the hyperfine averaged physical masses, n f is the number of active flavors, which is taken to be five in the present case, Tables III and V . For B → P transition, we use the well-established BSW [3, 4] quark model. Using constituent quark masses same as for ISGW model and the average transverse quark momentum inside a meson ω = 0.5, we obtain the B → P transition form factors as shown in column 2 of Table V.
V. NUMERICAL RESULTS AND DISCUSSIONS
Sandwiching the weak Hamiltonian (12) & (13) between the initial and final states, we obtain the decay amplitudes of B − ,B 0 mesons for the various decay modes as given in the Tables VI, VII, VIII, IX, X and XI. Finally, the calculated branching ratios are given (which are expected to be tree dominated) in CKM-favored and CKM-suppressed modes involving b → c and b → u transitions.
The results are given in Tables XII, XIII , XIV, XV, XVI and XVII for various possible modes. We also calculated the form factors and branching ratios for decays involving charm meson in the light of heavy quark symmetry constraints given in Tables XVIII and XIX 
1 are the dominant decays with branching ratios of the order of O(10 −2 ) ∼ O(10 −3 ). The highest branching ratio is forB
decay. Four of the decay channels are experimentally measured which are discussed as follows:
i. ForB → πD 1 decay mode,
The calculated branching ratios are in good agreement with the available experimental results. The difference of roughly a factor of 2 between branching ratios of and
ii. ForB → Da decay mode the calculated branching ratios are
Both of the calculated decay modes are consistent with experimental results within the error. TheB 0 → D + a − 1 decay receive contribution from color-favored transition only, however, the B − → D 0 a − 1 decay get contributions through the destructive interference between color-favored and color-suppressed transitions resulting in smaller branching ratio. The next order color-suppressed decays:
are forbidden in the spectator model. These decays may be generated through quark annihilation diagrams. However, these annihilation contributions involve creation of (ss) pair which is relatively suppressed. 
In spite of the kinematic suppression, these modes acquire large branching ratios as these involve color-favored quark diagram and large value of decay constants of the charmed mesons.
ii. For color-suppressed Kχ c1 mode, we obtain B(
, which are smaller than the measured experimental branching ratios, i.e. (4.79 ± 0.23) × 10 −4 and (3.9 ± 0.4) × 10 −4 , respectively, by a factor of ∼ 3.5. Though, it may be remarked that penguin and annihilation diagrams do not contribute to these decays.
iii. Due to the vanishing decay constant (f A ), decays i. For dominant decay, we predict branching ratios for
ii. In the present analysis, we obtain B(
−5 which are smaller than the experimental branching ratio (2.2 ± 0.6) × 10
and (1.12 ± 0.28) × 10 −5 , respectively.
/η c f 1 / η c h 1 decays are forbidden in the present analysis. Annihilation diagrams, elastic FSI and penguin diagrams may generate these decays to the naked charm mesons. However, decays emitting charmonium h c1 remains forbidden in the ideal mixing limit. Branching ratios of the dominant decays in the present mode are iii. Decays To compare our results with the exiting theoretical analyses, we calculate the branching ratios of B mesons decays involving charm meson in light of heavy quark symmetry constraints. We employ the ISGW II quark model, which follows heavy quark symmetry, to evaluate the form factors involved in the following transitions:
We have used HQS constraints (for relations see [4] ) to calculate the form factors which are given in rows 7 and 8 of Table II ) decay is consistent with the experimental average [38] .
We use the experimentally determined D framework are such that the theoretical results would become merely independent of colorsuppressed contributions. Therefore, yielding the relations:
, in heavy quark limit. However, these relations may not be satisfied in some cases because, relatively, large contribution from color-suppressed diagrams is expected by experiment. decay support larger magnitude (with negative sign) for color-suppressed amplitude proportional to parameter a 2 and relatively, smaller magnitude for color-favored amplitude proportional to a 1 . It is interesting to note that the same choice of parameters a 1 and a 2 can also be used in case of
1 decay for which experimental branching ratio shows a large overlap region with respect to color-suppressed and color-favored contributions. Therefore, a choice of |a 2 /a 1 | = 0.58, that fits the experimental observations, clearly indicates the larger contributions from color-suppressed transitions. Once taken in to account, the smaller magnitude of colorfavored class I transitions would bringB → πD 1 decays closer to the theoretical expectations [18, 19, 21] .
In order to compare our results with the available theoretical works [18, 19, 21] in heavy quark limit, we listed their results in column 3 of Table XVII. These analyses are mainly focused on CKM-favored decays e.g. decay constant, which is not the case in our results. It is worth mentioning that CLF approach [19] also supports a large contribution from color-suppressed amplitudes. Moreover, Jugeau et al. [21] and Cheng et al. [19] have used experimental branching for B − → π − D 0 1 to estimate the decay constants and form factors. It could be seen that heavy quark corrections may result in the large deviations from theoretical expectations in the present scenario.
We wish to emphasize that a 2 parameter cannot be calculated in the QCD factorization forB → D * * π type decays because D meson being heavy and slow cannot be decoupled from (Bπ) system. Thus, soft interaction between (Bπ) system and the charm quark of D meson will be considerably different from the interaction between the (Bπ) system and light spectator quark of D meson [39, 40] . This indicates that the nonfactorizable contributions to color-suppressed transitions will be dominated by nonperturbative effects. On the other hand, in soft collinear effective theory (SCET), unlike naive a 2 factorization, the type II decays are shown to be factorizable into a pion light-cone wave function and aB → D * soft distribution function [17] . Later, they have extended their formalism to color-allowed and color-suppressedB → D 1 M andB → D * 2 M decays in the light of HQS constraints and give the relations for branching fractions in leading order (for equal strong phases in both channels):
Clearly, this equality do not compete well with the existing experimental observation of 0.54 ± 0.18 by Belle [41] . Thus, the discrepancy between experimental and theoretical expectations in various formalisms is evident. Lastly, we list our results for CKM-favored and CKM-suppressed modes in the Table XVII and Table XVIII , respectively, for comparison with other works.
VI. SUMMARY AND CONCLUSIONS
In this paper, we have studied the hadronic weak decays of bottom mesons emitting pseudoscalar and axial-vector mesons. We have employed ISGW II [6] model to determine the B → A/A transition form factors in, both, non-relativistic quark model framework and heavy quark symmetry constraints. Consequently, the decay amplitudes and the branching ratios of B → P A decays involving b → c and b → u transitions in CKM-favored and CKM-suppressed modes are obtained. We draw the following observations:
1. Aforementioned, we apply the non-relativistic framework to determine the form factors and the branching ratios forB → πD 1 /Da 1 decay modes. The branching ratios for these modes are of the order 10 −2 ∼ 10 −4 which are in good agreement with experimental results at θ D = 17
• . It is interesting to note that the theoretical expectations favor the positive sign of mixing angle when compared with experimental results. Also, we analysed the charm axial-vector meson emitting decays in ISGW II quark model in heavy quark symmetry constraints. We obtained the relevant form factors and branching ratios in CKM-favored mode.
1. We calculate the branching ratios for class III typeB → πD 1 decays. The
) decay is consistent with the experimental number, however the B (B − → π − D 0 1 ) decay is larger than experimental expectations. Although, the color-suppressed amplitudes are further supressed by a factor of 1/m Q in heavy quark limit, the experimental values requires a larger contribution from color-suppressed transitions. Therefore, the branching relations obtained in heavy quark symmetry expectations:
2. Furthermore, the analysis ofB → πD 1 decay channels yield the choice of |a 2 /a 1 | = 0.58, which fits the experimental observation, indicating the need of large colorsuppressed amplitude. Thus, the large magnitude for color-suppressed amplitude, a 2 , and a relatively smaller magnitude for color-favored amplitude, a 1 , aid the experimental branching results for
1 decay channels. It may also be pointed out that the smaller magnitude of color-favored class I contributions bring our results closer to the other theoretical expectations.
Thus, the understanding of class III decays which receive contribution from constructive and destructive interference of color-favored and color-suppressed transitions, is of utmost importance to resolve the puzzle of larger magnitude of a 2 . More precise experimental information on such decays will help theory to access the nonfactorizable contributions in these processes. V cb V * us ) for B → P A decays in CKM-suppressed mode involving b → c transition
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